Huntington's disease (HD) is a fatal neurodegenerative disorder affecting a range of cellular and molecular functions in the brain. Deficits in adult hippocampal neurogenesis (AHN) have been documented in the R6/1 mouse model of HD. Here we examined basal and running-induced neuronal precursor proliferation in adult female and male R6/1 HD mice. We further tested whether sequential delivery of voluntary running followed by environmental enrichment could synergistically enhance functional AHN in female R6/1 HD mice. R6/1 HD mice engaged in significantly reduced levels of voluntary running, with males showing a more severe deficit.
Introduction
Huntington's disease (HD) is an autosomal dominantly inherited neurodegenerative disorder. The pathophysiology of HD manifests primarily in the brain with progressive symptomology that includes cognitive, psychiatric and motor dysfunction (Borrell-Pages et al. 2006; Cattaneo et al. 2005; HDCRG 1993; Reiner et al. 1988) . The onset of HD typically occurs in the adult with a disease outcome that is invariably fatal. At the genetic level HD results from an expanded cytosine-adenine-guanine (CAG) trinucleotide repeat that encodes a poly-glutamine (polyQ) tract in the N-terminus of the huntingtin protein (Hatters 2008; HDCRG 1993) . The expanded polyQ stretch imparts a propensity for the mutant Huntingtin protein (mHtt) to form intracellular aggregates and proteolytic cleavage allows mutant fragments to enter the nucleus and form protein aggregates (Wellington et al. 1998) . The presence of polyQ-containing aggregates in the brain is a pathological hallmark of HD and is postulated to contribute to neuronal dysfunction and death (Davies et al. 1997 ). The R6/1 transgenic mouse line closely models human HD, including the development of aggregates, and provides an important platform to study underlying disease mechanisms and therapeutic strategies (Gil & Rego 2009 ).
Cell-based approaches remain a focus of therapeutic intervention for HD, which hitherto remains without effective therapeutic intervention (Clelland et al. 2008 ). However, cell-based therapy for HD has had equivocal outcomes and preclinical studies are paramount in developing effective neural regeneration approaches. The emergence of adult neurogenesis as an endogenous neuronal repair mechanism has provided therapeutic appeal to a variety of neurodegenerative disorders including HD (Vandenbosch et al. 2009 ). Adult neurogenesis ensues throughout the life of mammals in discreet niches, including the sub-granular zone (SGZ) of the hippocampus.
Adult hippocampal neurogenesis (AHN) is postulated to be an important neuronal substrate mediating the positive effects of running and enrichment on learning and memory (Lafenetre et al. 2011) . Deficits in AHN have been demonstrated in several rodent models of HD (Gil et al. 2004; Gil et al. 2005; Lazic et al. 2004; Simpson et al. 2011 ) and reviewed in; (Gil-Mohapel et al. 2011) . AHN deficits in the R6/1 HD transgenic mouse model manifest progressively and could underlie the impaired cognitive and depressive-like behaviours that develop in this mouse model (Grote et al. 2005; Lazic et al. 2004; Lazic et al. 2006; Ransome et al. 2012) .
A diversity of environmental, physiological and genetic factors contribute to the regulation of AHN levels. Exercise in the form of voluntary running stimulates neuronal
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5 precursor proliferation to increase AHN levels and improve cognition (Ransome & Turnley 2008; van Praag et al. 1999b; van Praag et al. 1999a ). R6/1 HD mice given access to voluntary running have sex-dependent responses to exercise-induce neurotrophin expression (Zajac et al. 2010 ). However, whether sex is a determinant of exercise-induced AHN in R6/1 HD mice remains unknown. Cognitive stimulation through environmental enrichment also increases AHN levels but does so by promoting neuronal survival (Kempermann et al. 1997) . Although R6/1 HD mice remain responsive to environmental enrichment strategies aimed at improving AHN and cognition (Lazic et al. 2004; Lazic et al. 2006; Nithianantharajah et al. 2008; Pang et al. 2006) , there remains a paucity of evidence demonstrating functional AHN. Our current study was performed to examine whether sex affects basal or running-induced AHN in R6/1 HD and wildtype mice and determine whether adult-generated hippocampal neurons express c-Fos in R6/1 HD mice.
6
Materials and Methods

Animals
Female and male R6/1 HD transgenic mice on the CBA/BL6 genetic background and CBA/BL6 wildtype littermates were obtained from stocks maintained at the Howard Florey
Institute. Over-expression of exon 1 of the human huntingtin gene with approximately 125 CAG repeats driven by the human huntingtin promoter in R6/1 HD mice provides an accurate model of human adult-onset HD (Gil & Rego 2009; Mangiarini et al. 1996) . Rear-paw clasping is a behavioral trait indicative of motor dysfunction in R6/1 HD mice (J. Y. Li et al. 2005) and was used to document motor competency in all R6/1 HD animals used in this study. Mice were given food and water ad libitum and kept on a constant 12-hour light /dark cycle. The use of experimental animals was approved by the Animal Ethics Committee of the Howard Florey
Institute. All procedures using experimental animals were conducted in strict accordance with National Health & Medical Research Council of Australia guidelines and in a manner that minimized animal distress.
Peroxidase Immunohistochemistry
Peroxidase immunohistochemistry was performed as previously described (Ransome & Turnley 2007 . 
Peroxidase-labeled cell counts
Peroxidase immuno-labeled cells were quantitated in the SGZ, GCL and hilus as previously described (Ransome & Turnley 2007 using an Olympus BX61 microscope with an UPlan FL N 60x objective lens installed with an eye-piece 10x10 grid (Olympus, Mount Waverley, Australia). Slides were coded and cell counting was conducted with the observer blind to the identity of anatomically matched sections. The SGZ was defined as 16m (approximating 2-cell widths) either side of the junction between the granule cell layer (GCL) and the hilus in adjacent series of 6 serial sections spaced 240m apart corresponding to bregma -1.34 mm to bregma -2.54 mm (Paxinos & Franklin 2001) . In each section digital images were captured using a 10x objective lens and a Q Imaging 5.0 color RTV digital camera (Olympus) and Image-Pro plus software (MediaCybernetics, Rockville, USA) to measure SGZ length and GCL and hilus area.
SGZ length was multiplied by 32 (SGZ width) and 40 (section thickness), while GCL and hilus areas were multiplied by 40 (section thickness) to provide volumes in m 3 that were then converted to mm 3 . For each section the number of (+)cells was combined with the corresponding volume to yield a cell density. Results are expressed as the mean cell number per mm 3 ± sem. 
Multi-label immunofluorescence immunohistochemistry
Doublecortin
Multi-label fluorescence counts
Confocal microscopy was employed to count fluorescently double/triple-labeled cells in anatomically matched sections from coded slides as previously described (Ransome & Turnley 2007 . Four serial sections spaced 480m apart between bregma -1.34 mm and bregma -2.70 mm (Paxinos & Franklin 2001) were analyzed per multi-label in each animal. Z-stacks of digital images were captured using a MRC1024 confocal scanning laser system (Bio-Rad, Hercules, USA) installed on a Zeiss Axioplan 2 microscope (Carl Zeiss, North Ryde, Australia) and an Olympus oil immersion 63x objective lens (Olympus). Images were scanned at 2m intervals (except mHtt co-labeling, which was analyzed exhaustively in 1m steps) through the extent of the z-axis. A minimum of 5 separate images were used for each double-label per animal. Images were reconstructed in 3-dimensions and analyzed using Image J software (NIH, Bethesda, USA). At 12 weeks of age control mice were housed singularly in cages with bedding and nesting material: wildtype (n=5 females; n=5 males) and R6/1 HD (n=5 females; n=5 males).
Voluntary running mice: wildtype (n=6 females; n=6 males) and R6/1 HD (n=6 females; n=6 males) had unlimited access to a metal running wheel of 12cm diameter electronically connected to a counter to measure running distances every 24 hours. All mice were given 24 hours to acclimatize to their respective housing then held in their respective housing conditions for seven days receiving daily intraperitoneal (IP) injections of 5-bromodeoxyuridine (BrdU, 50mg/kg, Sigma-Aldrich). One day after the final BrdU injection mice were deeply anaesthetized by IP Lethabarb (325mg/ml Pentobarbitone Sodium, Virbac, Australia) then intracardially perfused with 0.9% saline followed 4% paraformaldehyde (PFA). Extracted brains were post-fixed in 4% Expression of c-Fos in surviving mature adult-generated hippocampal neurons was examined in female wildtype (n=18) and R6/1 HD (n=18) mice as described previously (Tashiro et al. 2007 ) with minor modification. At 7 weeks of age control littermate mice were standard group housed (n=9 wildtypes; n=9 R6/1 HD), while group housed run/enriched littermate mice (n=9 wildtypes; n=9 R6/1 HD) were housed singularly with a running wheel for 7 days (as described in experiment#1). During the last 4 days of running the run/enriched mice received twice daily IP injections of BrdU (50mg/kg, Sigma-Aldrich) spaced 10 hours apart as did control mice in corresponding standard housing. Run/enriched mice were then placed back into group housing for 1 week and then placed into enriched group housing for 1 week (BrdUlabeled cells ranging in age between 7 -11 days) consisting of plastic tunnels, toys and synthetic climbing ropes. Subsequently run/enriched mice were again returned to standard group housing for another 4 weeks. Run/enriched mice were placed into their exactly replicated enriched environments for 2.5 hours and transcardially perfused over 90 minutes such that individual exposure to enrichment ranged between 2.5-4 hours (Tashiro et al. 2007 ). Control mice having been standard housed for the same 6-week period were also placed into comparable enriched cages and similarly perfused. Brains were prepared for immunohistochemistry as described in 
Statistical Analysis
Data subjected to 3 factor ANOVA were analyzed for statistical significance using SPSS software (SPSS Inc., Chicago, USA) with subsequent multiple pair-wise comparisons made using the Least Significant Difference (LSD) test. Data subjected to 2-tailed unpaired student's ttest and two-way ANOVA were analyzed for statistical significance using GraphPad Prism 5
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13 software (GraphPad Software Inc., San Diego, USA) and the Bonferroni's test was employed for multiple pair-wise comparisons where applicable in two-way ANOVA. Results were considered significant at P<0.05.
Results
Voluntary running levels are reduced in R6/1 HD mice
Female and male mice from each genotype placed into voluntary running groups had their wheel activity digitally monitored and recorded daily in the form of distance run / 24-hours over 8 consecutive days (Fig. 2) . Daily tracking of running distances showed that female R6/1 HD mice ran consistently less than female wildtype mice, with days 1, 2, 4, 5 and 6 showing significant decreases ( Fig. 2A) . A similar comparison showed a more severe deficit in voluntary running activity in male R6/1 HD animals compared to male wildtypes (Fig. 2B ). Female rodents have previously been shown to engage in higher levels of voluntary running compared to agematched males (Lightfoot 2008 P<0.0001, (Fig. 2C ). Bonferroni's pair-wise comparisons revealed males had significant reductions in running distances compared to females in their respective genotypes, while both R6/1 HD female and male mice ran significantly less compared to wildtype mice within each sex (Fig. 2C) .
Analysis of proliferating progenitor cells in the SGZ in response to wheel running
A proliferative cascade forms the initial step in AHN and is up-regulated by voluntary running (Kempermann et al. 2004; van Praag et al. 1999a ). We assessed Ki67(+) and BrdU(+) cell densities in the SGZ of wildtype and R6/1 HD female and male mice in standard housing and after 8 days of voluntary running (Fig. 3A -C ). We performed a 3 factor ANOVA (genotype x sex x housing) statistical analysis that showed no significant changes in the volume of the sampled SGZ (Fig. 3A) . BrdU(+) cell densities in females and males, the density of BrdU(+) cells was lower in running males compared to running females. Again there was no significant changes between female and male R6/1 HD mice in standard housing and nor did running increase BrdU(+) cell densities in either sex. However, in contrast to the Ki67(+) cell data, there was no difference between R6/1 HD female and male mice within the running group.
Running promotes early neuronal differentiation in wildtype and R6/1 HD mice
Maturing SGZ progenitors express DCX as a milestone of early neuronal differentiation (Brown et al. 2003; Kempermann et al. 2004 ). We employed confocal microscopy and BrdU/DCX double-label immunofluorescence to assess neuronal differentiation one day after the final BrdU injection in standard housed and running female and male wildtype and R6/1 HD mice (Fig. 4) . Where approximately 50% of the BrdU(+) cells analyzed at this time-point colabeled with DCX in standard housed wildtype and R6/1 HD mice, a slightly higher proportion was observed in the running groups. Three-way ANOVA statistical analyses (genotype x sex x housing) of the proportion of BrdU(+) cells co-labeling with DCX showed a main effect of housing, F (1,47) =20.87, P<0.001 (Fig. 4) . Multiple pair-wise comparisons using the LSD test are shown in table 2. Within both standard housing and running groups there were no significant However, both wildtype and R6/1 HD female mice were qualitatively observed to actively explore their enriched environments consistently over the subsequent 7-day enrichment period.
Neurons generated within the adult SGZ migrate into the adjacent GCL and show persistent survival rates from one month onwards . Two-way ANOVA (genotype x housing) was used to analyze the density of immunohistochemically identified surviving BrdU(+) cells 42 days after final BrdU injections in female wildtype and R6/1 HD standard housed and running/enriched groups (Fig. 5A) . We observed no change in the volume of sampled GCL between any of the groups (Fig. 5B) . However, two-way ANOVA examination of surviving BrdU(+) cell densities showed a significant main effect of sequential running/enrichment, F (3,28) =54.21, P<0.0001, (Fig. 5C ). Bonferroni's pair-wise comparisons showed a significant increase in surviving BrdU(+) cell densities in female running/enriched wildtype mice compared to wildtype standard housed and compared to both R6/1 HD standard housed and R6/1 HD running/enriched mice (Fig. 5C ). Despite sequential voluntary running and environmental enrichment doubling the density of surviving BrdU(+) cells in R6/1 HD mice, the increase was not statistically significant in pair-wise Bonferroni's analysis. However, while female wildtype standard housed mice had significantly higher surviving BrdU(+) cell densities compared to R6/1 HD standard housed females, this significance was abolished when wildtype standard housed mice were compared to R6/1 HD running/enriched mice (Fig. 5C ).
We next examined co-expression of the mature neuronal marker NeuN and the indirect marker of neuronal activation c-Fos (Tashiro et al. 2007 ). We employed triple-label immunofluorescence and confocal microscopy to determine the proportion of surviving BrdU(+) cells that were mature neurons (BrdU/NeuN co-labeled; (van Praag et al. 1999b ) and activated mature neurons (BrdU/NeuN/c-Fos co-labeled; (Tashiro et al. 2007 ) (Fig. 5D -F) . In all groups analyzed we observed approximately 80% of the BrdU(+) cells adopting a mature neuronal phenotype as evidenced by their co-expression of NeuN (Fig. 5D ), suggesting that mature neuronal differentiation was unaffected in the adult GCL of female R6/1 HD mice. However, taken together with the BrdU(+) cell density analysis (Fig. 5C ), net neurogenesis in female R6/1 HD mice is decreased compared to female wildtype mice. Introducing naive standard housed mice and reintroducing the running/enriched mice to enriched housing for an acute period prior to perfusion enables the assessment of experience-specific neuronal activity through BrdU/NeuN/c-Fos co-labeling (Tashiro et al. 2007) . Performing this analysis found no significant changes in proportions of BrdU(+) cells co-labeling with NeuN/c-Fos in female wildtype and R6/1 HD mice (Fig. 5F ).
Akt signaling is altered in the hippocampus of female R6/1 HD mice
According to the somatomedin hypothesis, pituitary-derived GH stimulates hepatic secretion of IGF-1 into the circulation (Rotwein 2012 ) and serum IGF-1 mediates runninginduced AHN (Trejo et al. 2007 ). Therefore, we next examined serum concentrations of GH and IGF-1 in female wildtype and R6/1 HD mice (Fig. 6A -B) . Endocrine-derived GH/IGF-1 is subject to diurnal rhythm so that we assessed serum samples obtained from mice in standard housing during the day, standard housing at night and also after 2 hours of voluntary running at night. Two-way ANOVA (genotype x housing) was used to assess serum concentrations of GH demonstrating a main effect of housing; F (2,24) =12.64, P<0.0005, (Fig. 6A) , with Bonferroni's pair-wise comparisons showing that serum GH concentrations remained unchanged between female wildtype and R6/1 HD mice in day-time and night-time standard housing, while acute voluntary running induced similar significant increases in both genotypes (Fig. 6A) (Fig. 6D) . Postmortem brain analyses have found reduced Akt levels in HD patients possibly attributed to caspase-3 activity (Colin et al. 2005) . Western blotting was unable to detect caspase-3 in hippocampi from female wildtype and R6/1 HD standard housed and running mice (not shown). We further used immunohistochemistry to quantify caspase-3(+) cell densities in the SGZ/GCL and found no change between any of the groups (Fig. 6E ).
Female R6/1 HD mice do not show overt activation of hippocampal microglia
Circulating TGF levels are reduced in HD patients (Battaglia et al. 2011 ), while increased TGF-signaling may inhibit AHN in HD transgenic rats (Kandasamy et al. 2010 ). We used the same serum samples derived for the analyses of GH/IGF-1 concentrations (Fig. 6A-B) and measured TGF by ELISA (Fig. 7A) . Two-way ANOVA (genotype x housing) (Fig. 7A) . The reduced serum TGFconcentrations in female R6/1 HD mice compared to wildtypes in day-time standard housing did not reach significance. TGFactions on microglia may be a key influential factor regulating AHN (Abutbul et al. 2012; Morrens et al. 2012 ). We employed double-label immunofluorescence and confocal microscopy to examine for evidence of microglia activation through proliferation. However, the proportion of BrdU(+) cells co-labeling with Iba-1(+) microglia remained unchanged between female wildtype and R6/1 HD standard housed mice (Fig. 7B ). Iba-1 immunohistochemistry was used to examined microglia density in the GCL, SGZ and hilus regions of the hippocampus and revealed a significant decrease in Iba-1(+) cell density in the GCL of female R6/1 HD mice compared to wildtypes in standard housing (t (8) =2.901; P<0.05), while no changes were evident in the SGZ or hilus regions (Fig. 7C ).
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Microglial up-regulation of Iba-1 (Sasaki et al. 2001 ) and astrocyte up-regulation of GFAP (Silver & Miller 2004) can be coincident with neuroinflammation that could suppress AHN.
However, Western blot analyses found no change in total hippocampal protein levels of Iba-1 (Fig. 7D) or GFAP (Fig. 7E ) between standard housed female wildtype and R6/1 HD mice.
mHtt-containing protein aggregates appear restricted to existing mature neurons in standard housed female R6/1 HD mice
Intraneuronal protein aggregates containing mHtt are a pathological hallmark of HD and can be detected with a monoclonal antibody (H. Li et al. 2003) . Over 300 Ki67(+) cells were analyzed in the SGZ of standard housed female R6/1 HD mice and were never found to harbor mHtt aggregates (Fig. 8A) . BrdU(+) cells analyzed one day after the final BrdU injection in standard housed female R6/1 HD mice ranged in age from one to seven days and again we failed to observe any mHtt aggregates in this population (Fig. 8B) . BrdU(+) cells detected 42-days after BrdU labeling had migrated into the GCL where the density of immunofluorescent mHtt aggregates was high. High resolution 3-demensional reconstruction of confocal images of BrdU/mHtt co-labeling using 1m optical slices at 1m intervals through the z-axis showed BrdU-labeled nuclei in close proximity to mHtt-labeled aggregates but were never found to colabeled (Fig. 8C ). Given we examined functional AHN through c-Fos expression, we next (Fig. 8E) , GFAP(+) astrocytes (Fig. 8F) or Iba-1(+) microglia (Fig. 8G ).
Discussion
The cellular and molecular mechanisms that underlie HD pathophysiology are not fully understood. Several HD mouse models exhibit AHN deficits, which if restored, could provide therapeutic efficacy dependent on the ability of these adult-generated neurons to functional integrate . Furthermore, accumulating evidence points toward sexual dimorphism in HD behavioral deficits in which AHN may play a role .
Hence, our current study examined the response of female and male R6/1 HD mice to runninginduced precursor proliferation and further examine evidence of c-Fos expression in adult generated mature hippocampal neurons.
Previous reports have demonstrated that independent transgenic mouse HD models are refractory to running-induced AHN (Kohl et al. 2007; Potter et al. 2010) . Despite isolated male N171-82Q transgenic mice engaging in comparable running distances to their wildtype controls, AHN deficits were not rescued (Potter et al. 2010) . In another study, AHN was not stimulated in female R6/2 transgenic mice group housed with running wheels, though distances in this study
were not directly measured (Kohl et al. 2007) . Reflecting these two studies our transgenic mice were motor asymptomatic and of good general health at the onset of running activity. However, we used a shorter duration of exercise based on studies showing that by 3 weeks of continuous running the stimulatory effect on precursor proliferation is lost (Clark et al. 2010) . Although voluntary running potently stimulates AHN (van Praag et al. 1999a ), a significant confound in our current study resides in the dramatically decreased running distances in the R6/1 HD mice. A well documented sex-bias in rodent voluntary running activity links higher running distances in females with higher estradiol levels compared to males (Lightfoot 2008) . While this sex-bias was reflected in our current study within both genotypes, the male R6/1 HD mice had almost negligible voluntary running activity. Several independent cohorts of R6/1 HD female and male mice used in this study showed similar reductions, which argues against a chance phenotypic observation.
Reduced serum concentrations of sex-hormones could potentially explain the observed reduced running activity (Lightfoot 2008) . Male HD patients have reduced serum testosterone concentrations (Markianos et al. 2005) as do male R6/1 HD mice at an age equivalent to the mice used in this study Ransome 2012) . Whether female HD patients and
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22 female R6/1 HD mice have lowered circulating estradiol remains to be explored as does the ability of hormone therapy to restore voluntary running activity in the R6/1 model. Social isolation is another potential confounding factor in our study, where mice were singularly housed to ensure accurate measures of running distances. We have shown that female R6/1 HD mice have exacerbated stress responses compared to R6/1 HD males (Du et al. 2012) . We would therefore anticipate isolation to impact the running distances of female R6/1 mice more than males, which is in contrast to our results. Additionally, isolation did not affect exercise-induced precursor proliferation in either female or male wildtype mice, although such an effect has been reported in rats (Leasure & Decker 2009) . A fuller exploration of circulating stress and sex hormones in relation to voluntary running is warranted, particularly with regard to the growing acceptance that an inactive lifestyle predicts earlier onset and more rapid symptom progression for HD patients (Trembath et al. 2010 ).
Significant interest also exists into the regulation of AHN and hippocampal-related behaviour by sex hormones ). Estradiol appears to stimulate proliferation of hippocampal neuronal precursors, while testosterone and dihydrotestosterone promote survival of newly generated neurons . Estrous cycle and flux of circulating estradiol levels could affect proliferation rates of neuronal precursors as could a hypothesized reduction in serum oestrogens in female R6/1 HD mice. Ki67 is an intrinsic marker of cell proliferation expressed during all active cell-cycle phases and provides a 'snap-shot' of mitotic activity (Kee et al. 2002; Scholzen & Gerdes 2000) , while exogenous BrdU is incorporated into cellular DNA during synthesis-phase and allows tracing of cells over time. Ki67(+) cell densities showed a proliferation deficit in male but not female R6/1 HD mice when compared to sex-matched wildtypes under standard housing. In contrast, R6/1 HD mice of both sexes showed a deficit in BrdU(+) cell densities. The BrdU analyses of proliferation occurring 1 day after 7 days of consecutive BrdU administration results in an accumulative effect as BrdU is passed on to progeny and also incorporates short-term survival since the BrdU(+) cells range in age from 1 to 7 days. These variables could explain why the BrdU deficits were more marked compared to the Ki67 data, where cell cycle kinetics or cellular survival are affected by HD. Neither Ki67 nor BrdU data showed any change between housing-matched females and males within genotypes, which accords with our previous examination of hippocampal precursor proliferation in female and male mice (Manning et al. 2012) . Moreover, our results do not suggest that SGZ precursor proliferation was affected by estrous cycle or the potential of HD-mediated reductions in circulating estradiol.
We were unable to stimulate proliferation in either sex of R6/1 HD mice with voluntary running. This failure would be anticipated in the male group given the negligible engagement in running activity. However, previous studies showing a positive correlation between running distances and increased precursor proliferation (Allen et al. 2001) , suggest the female R6/1 HD mice might have remained proportionally responsive. While we did observe an increase in both Ki67 and BrdU cell densities in the R6/1 HD female running mice compared to sex and genotyped matched standard housed mice, the increase did not reach statistical significance. We have previously shown that female but not male R6/1 HD mice up-regulate hippocampal brain derived neurotrophic factor (BDNF) in response to voluntary running (Zajac et al. 2010) . Our current quantitative data on running distances may explain this observation. Recent evidence suggests that voluntary running provides the major stimulatory effect in enrichment paradigms that incorporate running wheels designed to promote AHN, BDNF expression and hippocampaldependent cognition (Kobilo et al. 2011; Mustroph et al. 2012) . These findings together with our current results highlight the importance of careful design and interpretation of R6/1 HD experiments using mixed sexes and enriched environments containing running wheels.
Running-induced AHN may be mediated by concomitant increases in hippocampal BDNF expression (Kobilo et al. 2011 ). However, since female R6/1 HD mice elevate hippocampal BDNF in response to voluntary running (Zajac et al. 2010) we explored other potential deficits that could prevent running-induced AHN. Elevated TGF1 in HD could inhibit AHN directly or through activating local glial cells and up-regulating GFAP expression (Kandasamy et al. 2010; Sapp et al. 2001; Silver & Miller 2004; Tai et al. 2007; Wachs et al. 2006 ). However, we found no evidence to support such changes in R6/1 HD female mice. We did find reduced microglia density in the GCL of the R6/1 HD mice, which could conceivably contribute to AHN deficits through reduced trophic cytokine secretion (Ekdahl et al. 2009; Kempermann & Neumann 2003) . Based on known neuroendocrine dysfunction in HD (Hult et al. 2010; Petersen & Bjorkqvist 2006) , we hypothesized that abnormal GH/IGF-1 serum levels in R6/1 HD mice may block running-induced AHN. This rationale is underpinned by studies
showing IGF-1 derived from the liver crosses the blood-brain-barrier to up-regulate AHN in response to voluntary running (Trejo et al. 2001) . Liver derived IGF-1 is primarily under the regulation of pituitary GH and together are subject to diurnal rhythm (Rotwein 2012) . Previous studies have shown IGF-1 serum concentration initially rise before progressively falling with running wheel activity (Ploughman et al. 2005) . Taking these observations into account we examined serum concentrations of GH and IGF-1 after a single 2 hour bout of running wheel activity. Of note, despite reduced running distances, the female R6/1 HD mice responded by increasing serum GH to a similar level observed in running wildtype mice. This running-induced increase was not reflected by an increase in serum IGF-1. This may be attributed to the necessity of GH to induce hepatic IGF-1 gene transcription, maturation and secretion, which had not taken place at the time we derived serum. Reductions in serum IGF-1 with longer running periods is postulated to reflect tissue (including brain) uptake (Ploughman et al. 2005 ). An alternative explanation therefore, is that our timing of serum extraction missed the initial serum IGF-1 rise in response to running activity. Further analyses at multiple time-points after the onset of running will be required to establish whether serum IGF-1 decreases in R6/1 mice as an indicator of tissue up-take. It remains plausible that brain up-take of circulating IGF-1 is impaired in R6/1 HD mice, which would be anticipated to reduce IGF-1 mediated cellular signalling. Further experiments analyzing SGZ-specific Akt signaling or in vitro analyses of hippocampal precursors will be required to establish a cause and effect relationship. This will be an important endeavour to pursue given that IGF-1/Akt signaling can ameliorate mHtt toxicity (Humbert et al. 2002) . Furthermore, postmortem analysis has shown reduced Akt levels in HDaffected brains, thought to be a consequence of caspase-3 activity (Colin et al. 2005) . However, our current study found no changes in the density of hippocampal cells expressing activated caspase-3 in R6/1 female HD mice.
We sought to determine whether residual AHN in R6/1 HD mice is functional, which would strengthen the rationale of therapeutically restoring deficits. We combined this endeavour with a novel attempt to increase AHN in R6/1 HD mice by sequentially combining voluntary running and environmental enrichment. Running and enrichment stimulate AHN through independently targeting precursor proliferation and subsequent neuronal survival, respectively (Olson et al. 2006) . In these experiments we analyzed BrdU-labeled cells 42 days after administration to determine net neurogenesis and examine whether mature adult-generated neurons express c-Fos as an indirect marker of neuronal activation (Tashiro et al. 2007 ). The sequential provision of running followed by enrichment markedly increased mature neuronal survival in wildtype but not R6/1 HD female mice. Previous studies demonstrating an additive effect of sequential running and enrichment on AHN increases used a longer enrichment period compared to our current study (Fabel et al. 2009 The development of aggregates containing mHtt protein is a pathological hallmark of both clinical HD and transgenic models (Arrasate & Finkbeiner 2011) . While aggregates were detected in female R6/1 HD mice, adult-generated neurons were aggregate-free for at least their initial 6 weeks. The adult neurogenic niche is populated by endothelium, astrocytes and
26 microglia is postulated to orchestrate the regulation of AHN (Williams & Lavik 2009 ). These cell types were also found to be devoid of aggregates containing mHtt. Debate surrounds the pathological role of protein aggregates in HD, including a possible neuro-protective effect for neurons in which aggregates develop (Arrasate et al. 2004 ). However, our data suggests that intrinsic cellular dysfunction caused by aggregated protein has no role in the AHN deficits. We have not ruled-out a pathological role for soluble mHtt or micro-aggregates of a size too small for immuno-detection by our current methodology. Furthermore, our confocal reconstruction methodology showed aggregated mutant Huntingtin in close proximity to BrdU-labeled nuclei and in vitro cellular analyses or electron microscopy would provide further evidence of mHtt aggregation in adult-generated neurons. We did find c-Fos positive cells in the GCL containing aggregates and our study does not rule out their eventual development in adult-generated neurons.
Conclusion
Our current data extends previous studies examining AHN deficits in R6/1 HD mice. We Housing had a significant main effect on the proportion of BrdU(+) cells co-labeling with DCX (B). Table 2 details P-values obtained from multiple pair-wise comparisons made using the Least Significant Difference test, which are described in full in the results. Scale bar=50m. Table 1 . P values of 3-way ANOVA LSD pair-wise comparisons for Ki67 (+) and BrdU (+) cell densities (Fig. 2) ♀, female; ♂ male. Table 2 . P values of 3-way ANOVA LSD pair-wise comparisons for BrdU/DCX colabeling (Fig. 3) .
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